Abstract-This paper reports on an experimental investigation carried out to study tidal conversion by subcritical Gaussian and supercritical, knife-edge topography. Experimental data was obtained using the Synthetic Schlieren method, and the results compared to existing analytical models. Viscous effects were incorporated into the previously inviscid models, to improve the comparison between experiment and theory. One set of experimental results and comparisons with theory are presented for wave beams generated over a subcritical Gaussian ridge. The effect of viscosity was weak on the subcritical beams; but viscosity did effectively smooth out singular regions of supercritical beams that would be predicted by inviscid theory. Overall, there was excellent quantitative agreement, validating both the experimental method and theory.
I. INTRODUCTION
There is great interest in developing a more detailed understanding of tidal conversion by all manner of deep ocean topography. The resulting internal tides are an important component of the baroclinic-to-barotropic energy transfer [4] , [17] ; and their subsequent dissipation contributes to mixing at specific locations throughout the ocean, which in turn influences ocean circulation [18] , [6] .
The theme of this study is to use experiments to simulate internal wave generation by different types of two-dimensional topography. The initial objective was to quantitatively test existing analytic, linear models of tidal conversion: a complete presentation and analysis of the results of this part of the investigation are presented by Peacock, Echeverri and Balmforth [20] and by Echeverri [5] . Hereafter, our aim is to investigate the nonlinear parameter regimes in which the linear models break down.
We focus on two non-dimensional parameters governing internal wave beam generation. The criticality parameter E is the ratio of the slope of the topographic feature to the slope of the radiated wave beam. The excursion parameter kuo/ I is the ratio of the tidal displacement to the horizontal scale of the topography, where k is the spatial wave number of the topography, u0 is the amplitude of the tidal currents and w is the frequency of the tide.
A fundamental result is that of Bell [2] , who considered tidal conversion by weak topography (E < 1) with arbitrary excursion parameter in a fluid of infinite depth. This work has been extended to other parameter regimes by a number of researchers, including Balmforth, lerley and Young [1] , who accounted for finite-amplitude, subcritical topography (E < 1). The case of strongly supercritical topography has also been investigated, with the canonical configuration being a knifeedge. We have adapted the work of Hurley and Keady [10] on oscillating elliptical cylinders to account for the wave field generated by an oscillating knife-edge in a fluid of infinite depth. The inviscid models predict singular wave fields for nearly critical and supercritical topographies when the tidal forcing is strong [1] , [10] . Indeed, strong features are observed in numerical simulations of supercritical generation by Khatiwala [11] ; and mixing has been reported in ocean observations over the Cobb seamount by Lueck and Mudge [16] , over the Hawaiian ridge by Rudnick et. al. [23] , and along wave beams radiated off the Monterrey Bay by Lien and Gregg [13] ; all near sites of supercritical generation.
This paper presents an initial result of our laboratory ex- [26] . Note that the analytical model was modified to account for weak viscosity that is found in the laboratory, which was already accounted for by Hurley and Keady [10] .
II. EXPERIMENTAL ARRANGEMENT
The experimental arrangement is shown in figure 1 . The experiments were performed in a 1.32 m-long, 0.20 m-wide and 0.66 m-high tank filled with a continuous stratification of salt-water. The stratification was set-up using the Oster doublebucket technique [7] and the measured using a conductivity and temperature probe calibrated to measure density. A 19 mm-tall Gaussian ridge was cut out of insulating foam using a CNC machine mounted on a sliding stage at the base of the tank. This was oscillated side-to-side via a pulley system and a motion control system to simulate tidal currents over ocean bottom topography.
The wave field was visualized using the synthetic Schlieren technique, which is shown in figure 2 . An electroluminescent sheet with a random pattern of dots was placed behind the tank. When the topography moved, the resulting wave field distorted the pattern of dots viewed through the tank. For small Figure 3 shows a contour plot of the perturbation to the horizontal density gradient &p'(x, z)/0x, where x is the horizontal coordinate, in a snapshot of the experimental wave field when the phase of the oscillation was b = 0. This image was obtained from a single frame of the movie, which was processed using DigiFlow. A wave beam is clearly seen propagating away from the oscillating Gaussian ridge, which would be located at the bottom left-hand side of the frame. Note that the disturbances are very strong locally over the topography; however, there is not much spreading of the width of the wave beam nor much decay of the amplitude of the disturbance, suggesting a weak effect of viscosity on the wavebeam structure. 
where g = 9.81mr/s2 is the gravitational acceleration, p0 1070kg/m3 is the background reference density, p(z) is the local density and z is the vertical coordinate. This forcing generated internal wave beams propagating at an angle 0 = 550 from the horizontal, according to the dispersion relation:
sin =N (2) The criticality parameter was subcritical (E = 0. figure 3 . Furthermore, figure 5 shows the evolution of the profile at cross section 3 over one tidal period. There is excellent agreement between the experimental and theoretical wave fields.
IV. DIscusSION OF RESULTS
The good agreement between experiment and theory in the results shown above was also present in comparisons of experiments performed with a knife-edge topography with the linear model of Hurley and Keady [10] . The perturbations of the stratification in the wave field generated over the knifeedge were much stronger than for the wave field over the Gaussian ridge, which can be attributed to the dramatic profile of the topography. The knife-edge is idealized as having infinite slope and zero width, yielding very large criticality and excursion parameters.
Furthermore, whereas viscosity played a minor role in the evolution of the subcritical wave beams, it had a more dramatic effect in the evolution of the supercritical wave beams generated over the knife-edge. In the latter case there was more apparent viscous spreading and decay of the wave beams. In particular, viscosity smoothed out the singular features that are so prevalent in the inviscid theoretical model. This suggests that when the generation scenario is linear (for the subcritical Gaussian ridge experiment presented here, in which the criticality and excursion parameters were small), the inviscid models will yield accurate predictions of the wave field even for Reynolds numbers as low as 0(100). However, when the generation scenario is nonlinear (for a knife-edge), the viscous correction to the inviscid models is necessary to accurately predict the wave field.
Due to the effect of viscosity, instabilities did not develop in either of the experiments discussed here. The next goal of our investigation is to study parameter regimes in which nonlinear effects come into play. These may be introduced by increasing the excursion, increasing the Reynolds number, and investigating nonlinear stratifications with a thermocline and mixed layer. We shall pursue these effects in a new experiment set-up featuring a larger tank and a computercontrolled double-bucket system.
V. CONCLUSIONS
We have performed the first quantitative laboratory investigations of tidal conversion, using synthetic Schlieren to investigate the wave fields generated by a subcritical Gaussian ridge and a supercritical knife-edge. An sample experiment performed with the Gaussian ridge is presented here. There was excellent agreement between theoretical models, which were modified to include the effects of viscosity, and experimental data. The results confirm both the validity of analytical models (with weak viscous corrections) and the accuracy of the experimental system.
Furthermore we note that the smoothing effect of viscosity may be less dramatic for the high Reynolds numbers scenarios found in the ocean, for which inviscid oceanic models are being used to estimate tidal conversion. In these cases, singular features may develop into instabilities and lead to mixing. In the future, using a larger tank, we will investigate these effects in more detail. 
